We consider the effect of terahertz (THz) radiation on the conductivity of the ungated and gated graphene (G)-phosphorene (P) hybrid structures and propose and evaluated the hotcarrier uncooled bolometric photodetectors based on the GP-lateral diodes (GP-LDs) and GP-field-effect transistors (GP-FETs) with the GP channel. The operation of the GP-LDs and GP-FET photodetectors is associated with the carrier heating by the incident radiation absorbed in the G-layer due to the intraband transitions. The carrier heating leads to the relocation of a significant fraction of the carriers into the P-layer. Due to a relatively low mobility of the carriers in the P-layer, their main role is associated with a substantial reinforcement of the scattering of the carriers. The GP-FET bolometric photodetector characteristics are effectively controlled by the gate voltage. A strong negative conductivity of the GP-channel can provide much higher responsivity of the THz hot-carriers GP-LD and GP-FET bolometric photodetectors in comparison with the bolometers with solely the G-channels.
We consider the effect of terahertz (THz) radiation on the conductivity of the ungated and gated graphene (G)-phosphorene (P) hybrid structures and propose and evaluated the hotcarrier uncooled bolometric photodetectors based on the GP-lateral diodes (GP-LDs) and GP-field-effect transistors (GP-FETs) with the GP channel. The operation of the GP-LDs and GP-FET photodetectors is associated with the carrier heating by the incident radiation absorbed in the G-layer due to the intraband transitions. The carrier heating leads to the relocation of a significant fraction of the carriers into the P-layer. Due to a relatively low mobility of the carriers in the P-layer, their main role is associated with a substantial reinforcement of the scattering of the carriers. The GP-FET bolometric photodetector characteristics are effectively controlled by the gate voltage. A strong negative conductivity of the GP-channel can provide much higher responsivity of the THz hot-carriers GP-LD and GP-FET bolometric photodetectors in comparison with the bolometers with solely the G-channels.
I. INTRODUCTION
Unique energy spectra, of graphene (G) [1] and a fewlayer Black Phosphorus layer or phosphorene (P) [2] , their optical and electric properties, and recent advances in technology open remarkable prospects for the creation of novel devices using G-layers [3] [4] [5] [6] , the P-layers [2, [7] [8] [9] [10] , and different hybrid structures including the G-P hybrid structures [11] [12] [13] . In particular, the GP hybrid systems can be used for the improvement of various devices. The possibility of the layer-dependent alignment work function control [2, 14] provides substantial flexibility in the device design. In this paper, we propose and evaluate the detector of the terahertz (THz) radiation based on a lateral diode (LD) and a field-effect transistor (FET) with the GP channel, GP-LD and GP-FET, respectively. The operation of the GP-LD and GP-FET photodetectors with the GP-channel is associated with the carrier heating by the incident radiation absorbed in the G-layer leading to a variation of the channel conductivity [15, 16] . This principle is used in the hot-carrier bolometers based on the G-channel exhibiting the negative or positive photoconductivity (see, for example [17] [18] [19] [20] [21] and references therein). However, a major disadvantage of using G-layers in the bolometric photodetectors is that the conductivity of pristine G-layers is weakly dependent on the carrier temperature. This can be overcome by the introduction of the barrier regions (by partitioning of the channel into nanoribbons in which the energy gap is opened [17] or using disordered G-layers [20] ). In the G-P bolometers under consideration, the carrier heating caused by the absorbed radiation leads to the transfer of a significant portion of the carriers into the P-layer. This results in a decrease of the density of the highly mobile carriers in the G-layer and in a reinforcement of the scattering of these carriers on the carriers residing in the P-layer. Due to a high effective mass of the carriers in the P-layer and, hence, a relatively low mobility, their main role is associated with a substantial reinforcement of the scattering of the carriers in the Glayer. As a result, the conductivity of the GP-channel can markedly drop with the carrier heating. We demonstrate that the effect of the negative THz photoconductivity in the G-P channels can be much stronger than that for the G-channels, particularly at room temperature. Therefore, the GP-LDs and GP-FETs could effectively operate as the uncooled hot-carrier THz bolometers with an elevated responsivity. Figure 1 demonstrates a schematic view of the ungated and gated G-P structures (i.e., a GP-LD and a GP-FET with the GP-channels). It is assumed that the P-layer consisting of a few atomic layers, is oriented in such a way that the direction from the source to its drain corresponds to the zigzag direction. The dynamics of electrons and holes in this direction is characterized by a huge effective mass. As a result, a substantial amount of the electrons and holes can relocate from the G-layer (where their mobility could be very high) to the P-layer (with a low mobility).
II. MODEL
For the sake of definiteness, we consider the P-layer consisting of several atomic P-layers (N = 4 − 5), assuming that in both GP-LD and GP-FET structures it is p-doped (the pristine P-layers are of p-type). At the incident THz photon energies Ω < 2µ, where |µ| is the Fermi energy of the main carriers (holes), the carrier heating is associated with its interband (Drude) absorption in the G-layer.
The band gap ∆ G and the energy spacing ∆ e and ∆ h , between the Dirac point in the G-layer and the edges of the conduction and valence bands, (determined by the pertinent work functions) depend on the number N . In the G-P channel under consideration (with N = 4 or 5), the band structure is asymmetric: ∆ e > ∆ h = ∆ [14] . The dispersion relation for the holes in the G-and Players can be presented as
respectively. Here v W ≃ 10 8 cm/s is the characteristic velocity of electrons in the G-layers, m xx = M and m yy = m are the components of the effective mass tensor (M ≫ m), p x and p y are the carrier momenta in the source-drain direction and the perpendicular direction, respectively. The components of the effective mass tensor for the valence bands (N = 4 − 5) are approximately equal to m ≃ 0.04m 0 and M ≃ 1.01m 0 , where m 0 is the mass of a free electron.
The model under consideration is based on the following assumptions:
(1) The sufficiently frequent electron-electron, electron-hole, and hole-hole collisions enable the establishment of the distinct quasi-Fermi electron and hole distributions with the common effective temperature T in both G-and P-layers and split quasi-Fermi levels due to the carrier-phonon interband scattering. This is consistent with the numerous experimental studies in which the G-layer was excited with an optical or infrared pump pulse and probed with photoelectron or optical spectroscopy at different photon energies (see, for example, [18] and the references therein). Sufficiently strong interactions between the electrons and holes belonging to both G-and P-layers promote the inter-layer equilibrium [22] [23] [24] . Hence, the electron and hole distribution functions are the following functions of the carrier energy ε:
(where µ e and µ h = µ are the quasi-Fermi energies counted from the Dirac point).
(2) Due to heavy electron and hole effective masses M and √ mM , the conductivity of the P-layer is relatively small because this layer mobility in the direction corresponding to the mass M is proportional to 1/ √ mM M [25] , so that the P-layer conductivity could be neglected in comparison with the G-layer conductivity. Thus, the main role of the carrier relocation from the G-layer into the P-layer is associated with an intensification of the carriers (in the G-layer) scattering on the carriers (in the P-layer) when the concentration of the latter increases with the carrier system heating.
(3) The momentum relaxation of the electrons and holes in the G-layer (which we refer to as the "light" electrons and holes) is due to their scattering on acoustic phonons, neutral defects, and heavy particles in the P-layer. In contrast to the G-channel-based THz bolometers intended for the operation at very low temperatures at which the carrier energy relaxation is due to the interaction with acoustic phonons, the energy relaxation in the uncooled bolometric detectors under consideration is associated with the optical phonons in the Glayer. The interband transitions assisted by the optical phonons [26, 27] and with the Auger processes (see [28, 29] and the discussion therein)are assumed to be the main recombination-generation mechanisms. We characterize the relative role of these processes by the parameter η = τ Auger /(τ Auger + τ inter 0 ), where τ Auger and τ inter 0 are the times characterizing the pertinent interband transitions (we call this parameter as the Auger parameter). When η ≃ 1, the quasi-Fermi energies can be markedly different (µ e = −µ h ).
FIG. 1:
The structures of (a) the GP-LD and (b) the GP-FET (b), their asymmetric with respect to the Dirac point (∆ e > ∆ h ) energy band diagrams with the G-Dirac cones and the parabolic extrema corresponding to the P-layer at (c) T = T0 and (d) T > T0, and (e) the energy dependence of the density of state (DoS). Open circles correspond to the holes in the valence bands of G-and P-layers.
III. CONDUCTIVITY OF THE G-P-CHANNEL
The net surface charge density in the GP-channel, which comprises the electron and hole charges in both the G-and P-layers, induced by the acceptors and the gate voltage V G is equal to eΣ = κ |V G − V A |/4π W g (where V G = V A > 0, which is proportional to the acceptor density, corresponds to the charge neutrality point, κ and W g are the background dielectric constant and the thickness of the gate layer, and e is the electron charge). By introducing the voltage (gate) swing V g = V G − V A , we unify the consideration of the GP-LDs and GP-FETs. In particular, the case of GP-LDs corresponds to V G = 0, so that V g = −V A < 0, while in the GP-FETs V g can be both negative and positive.
The gate voltage swing V g = V G −V A or its dimensional value U g = V g /V 0 and the quantities T , µ e , and µ h are related to each other as
Here
W /2T 0 , and is the Planck constant. For N = 5 and therefore setting , ( √ mM ≃ 0.2m 0 and M/m ≃ 25), W g = 10 − 1000 nm and κ = 4, and T = 25 meV (≃ 300 K), one can obtain γ N ≃ 110 and V 0 ≃ 0.05 − 4.94 V. A large value of γ N is due to a relatively high density of states in the P-layer.
In equilibrium at sufficiently low temperatures, when the P-layer is empty (the second term in the right-hand side of Eq. (3) is negligible), Eq. (3) yields
When the electron-hole system in the G-P channel is heated by the source-to-drain DC voltage or by the incident radiation, the electron and hole quasi-Fermi levels can be split: µ e = −µ h . Accounting for the competition between the optical phonon mediated and the Auger generation-recombination processes, the equation governing the carrier interband balance can result in the following equation relating µ e and µ h at an arbitrary effective temperature T :
where ω 0 is the optical phonon energy. Equation (4) generalizes that obtained previously [13] for the case of the dominant optical phonon generation-recombination processes by the introduction of a phenomenological fac-
Considering Eq. (4), we rewrite Eq. (3) as
In particular, using Eq. (5), one can obtain immediately the dependence of the hole Fermi energy µ 0 = µ| T =T0 on the voltage swing U g . Focusing on the GP-channels with dominant carrier scattering on acoustic phonons, neutral defects, on each other, and on the short-range screened heavy carriers, the momentum relaxation time τ (p) as a function of the carrier momentum p can be set as
G is the momentum relaxation time in the G-layer with the effective scatterer density Σ G at T = T 0 and (Σ G + Σ P ) is the net scatterer density, which accounts for the density, Σ P , of the heavy carriers in the P-layer. In this case, the GP-channel conductivity could be presented as (in line with [15, 16, [31] [32] [33] [34] [35] [36] ):
with σ 0 = (e 2 T 0 τ 0 /π 2 ) being the G-layer low electricfield conductivity. Using Eqs. (4) and (6), the GPchannel conductivity can be expressed via the G-layer conductivity σ G (without the P-layer conductivity) with the latter expressed via the effective temperature T and the hole quasi-Fermi energy µ = µ h :
The density of scatterers (heavy holes), Σ P , in the Player, which exponentially increases with increasing |µ| and T , can also be expressed via these quantities:
where
The factor N in the latter formula reflects the fact that the density of states in the few-layer P-layer increases with the layer number N [15] .
The second factor in the right-hand side of Eq. (6) reflects an increase in the scatterer density associated with the inclusion of the scattering on the heavy holes in the P-layer. It is instructive that at η = 0 when µ e = −µ h = −µ, the G-channel conductivity σ G = σ 0 is independent of T . This is because of the specific of the carrier scattering in the system under consideration (scattering on acoustic phonons, neutral defects and effectively screened charged scatterers) [35] [36] [37] [38] .
Using Eqs. (7) - (9), we obtain
Equations (5) and (10) describe the dependences of the quasi-Fermi energy µ and the G-P-channel conductivity σ GP on the effective temperature T and the voltage swing U g . Solving these equations, one can obtain the characteristics of the GP-channel in wide ranges of the normalized voltage swing U g , carrier effective temperature T , and the density Σ G .
IV. NEGATIVE PHOTOCONDUCTIVITY IN THE G-P CHANNELS
The variation of the current density, J − J 0 , in the GPchannel for small effective carrier temperature variations is given by
where J 0 is the linear density of the source-drain dc current in the absence of the irradiation (i.e., the dark current density, E SD = V SD /L and V SD are the source-drain electric field and voltage, respectively, L is the length of the GP-channel, and σ GP is given by Eq. (10) . An increase in the carrier effective temperature T (the carrier heating) caused by the irradiation corresponds to the negative photoconductivity temperature when the conductivity derivative (dσ GP /dT )| T =T0 < 0. The latter is in line with the experimental observations [18, 19, 37, 38] . Figure 2 shows can be substantially larger than |Λ G |, particularly, at η ≪ 1. This is attributed to a steeper effective temperature dependence of the GP-channel conductivity due to an increasing hole population in the P-layer. The latter implies that the GP-channel can exhibit a stronger temperature dependence and, hence, a stronger effect of the negative photoconductivity than the G-channel. The comparison of the plots in Figs. 2(a) -2(c) demonstrates that the relative intensification of the Auger processes (a decrease in the parameter η) leads to a marked decrease in |Λ G |, diminishing the temperature dependence of the G-channel, while these processes weakly affect the temperature dependence of the GP-channel and, hence, the quantities |Λ GP | and J − J 0 .
V. RESPONSIVITY OF THE GP-PHOTODETECTORS
We limit our following consideration by the GP photodetectors operating as hot-carrier bolometers, so that the incident radiation does not produce a marked amount of the extra electrons and holes and the variation of the carrier density is associated primarily with the heating processes. This happens when |U g | is sufficiently large (to provide large hole Fermi energy µ), the photon energy Ω is not too large ( Ω < 2µ 0 ). and the carrier momentum relaxation time τ 0 is not too short, so that the intraband absorption dominates the interband absorption (see Appendix A).
Under irradiation, the carrier effective temperature varies. Its value can be found considering the balance of the power, S abs , receiving by the carriers due to the absorption of the incident radiation with the photon energy Ω and the power, S lattice , which the carriers transfer to the lattice. As assumed above, the latter is associated with the interband transitions accompanied by the emission and absorption of the G-channel optical phonons having the energy ω 0 . The power received by the carrier system is given by
where c is the speed of light, I Ω is the radiation photon flux,
is the high-frequency G-P channel conductivity, τ is the average hole momentum relaxation time in the GP-channel, which considering that τ p ∝ 1/p, can be estimated as
.
Taking into account Eqs. (7), (10) , and (12) at T = T 0 , we obtain
As previously [17, 27] , we set
where 
Equalizing S abs and S lattice given by Eqs. (14) and (15), and taking into account Eq. (16), we arrive at the following equation which relates the variation of the carrier effective temperature T − T 0 and the photon flux I Ω :
where α = e 2 /c ≃ 1/137 is the fine structure constant. The latter formula corresponds to the hole energy relaxation time τ Taking into account the variation of the current density, J − J 0 , in the GP-channel caused by the irradiation, the GP bolometer intrinsic current responsivity R GP can be presented by the following expression: Fig. 3(b) .
Here A = LH is the GP-channel area, L is the channel length (the spacing between the source and the drain), and H is the channel width, i.e., its size in the direction perpendicular to the current direction. Using Eqs. (11) and (18), we arrive at the following:
In the above calculations we have not accounted for the carrier heating by the source-drain electric field assuming that it is weak, so that T is very close to T 0 . The pertinent condition is as follows:
For E SD = E * SD = (π T 0 /ev W τ 0 τ ε 0 ), the quantity R 0 , given by Eq. (21) , is equal to The voltage responsivity R V GP = Rr L , where r L is the load resistance. Setting r L equal to the GP-channel resistance, i.e., r L = L(1 + P N )/Hσ 0 . In this case, for R V GP one obtains
with
Setting E SD = E * SD , we arrive at the following expression for the characteristic value of the GP bolometer voltage responsivity: (20) and (24) at relatively low frequencies Ω, the current and voltage responsivities can be presented as
. as a function of the voltage swing U g calculated using Eqs. (10) and (27) for the same structural parameters as for Fig. 3 (given in Sec. 4). The normalized responsivity of the G-detectors (with the Gchannel) is also shown by the dashed lines. First, as seen from Figs. 3 and 4, the responsivity sharply decreases with an increase in the scatterer density Σ G and the voltage swing U g . This is attributed to a weaker carrier heating at their stronger scattering and their larger density. The latter markedly rises with increasing U g . Second, the GP-bolometer responsivity, moderately exceeding that of the G-bolometer responsivity at small |U g |, becomes orders of magnitudes larger at elevated values of |U g | (compare the solid and dashed lines in Figs. 3 and 4) . The difference in the GP-and G-bolometers responsivities becomes fairly pronounced at smaller Auger parameter η (at stronger Auger generation-recombination processes). This correlates with a drop of Λ G clearly seen in Fig. 2 . 
VI. BANDWIDTH AND GAIN-BANDWIDTH PRODUCT
As follows from Eqs. (20) and (24), the GP-bolometer responsivity decreases when the photon frequency Ω > 2π f GP , where the cut-off frequency is given by
At small |U g |, Eq. (27) yields f GP ≃ (1/2 √ 3πτ 0 ), so that for the values of τ 0 used above, one obtains f GP ≃ 0.12 − 1.2 THz. At relatively large |U g |, the frequency f GP ≃ (1 + P N ) 2|U g |/2π can be much higher than that at U g ≃ 0. This is seen from Fig. 5 , which shows the cutoff frequency f GB as a function of the normalized voltage swing calculated using Eq. (28) . The cut-off frequency f GP is larger than the pertinent frequency for the Gbolometers f G by a factor (1 + P N ) . At large values of Σ N /Σ G and U g , this factor can be larger than that at U g ≃ 0.
The comparison of the gain-bandwidth products of the GP-and G-bolometers, defined as max R V GP f GP and R V G f G , yields the following estimate for these factors ratio K ≃ Λ GP Λ G . As seen from Fig. 3 , K markedly exceeds unity, particularly at η ≪ 1.
VII. DETECTIVITY OF THE GP-BOLOMETERS
The dark-current-limited detectivity of the GPbolometers D * GP can be evaluated as (see, for exam-ple, [44] :
where J 0 H is the net source-drain dc current Equations (18) and (24) for relatively low frequenciesΩ yield
for an arbitrary E SD , and
for E SD = E * SD . Using the same parameters as for the above estimates of max R V 0 and assuming that L = 10
GP , given by Eq. (30), exhibits a fairly steep drop with increasing U g resembling that of the responsivity R V GP shown in Fig. 3 . One should note that the difference in the detectivities for a smaller Σ G and those corresponding to a larger Σ G is more pronounced that the pertinent difference in the responsivities.
VIII. DISCUSSION

A. General comments
As seen from Eq. (11), the quantity Λ GB = 1
determines the variation of the GPchannel conductivity due to the carrier heating. Its absolute value |Λ GP | exhibits a maximum at a certain value of U g , which depends on Σ G . This is seen from Fig. 3 . Considering only the variation of the channel conductivity associated with the carrier transfer to the P-layer, from Eq. (10) we find for Λ GP and the maximum of its modulus
respectively. This maximum is reached at P N = 1. i.e., at relatively moderate population of the P-layer (
. For Σ G = 5 × 10 10 , 1 × 10 11 , and 5 × 10 11 cm −2 , the pertinent values of U g are approximately equal to -6, -10, and -23, respectively. The latter is in line with plots in Fig. 2 . It is interesting that max |Λ GP | max and |U g | are a linear and a quadratic functions of ∆, respectively.
The obtained results show that the responsivity and detectivity of the GP-bolometers steeply decrease with increasing voltage swing U g (see Fig. 3 ). Thus, it is practical to use the range of relatively small |U g |, although the bandwidth of the GP-bolometers extends with increasing |U g | as seen from Fig. 5 . Thus, there is an opportunity of the voltage control of the cut-off frequency. In the GP-LDs, the minimum value of |U g | is determined by the acceptor density in the GP-channel, so that this density should be minimized to achieve acceptable characteristics. Apart from easier fabrication, the GP-LDs can exhibit the enhance performance of the whole bolometric photodetector due to a more effective THz radiation input.
As demonstrated above, the characteristics of the GL-LD and GL-FET bolometers under consideration can be markedly different depending on the Auger parameter η. This parameter depends on the substrate material, particularly, on its dielectric constant κ. The calculations [29] predicted the optical phonon recombination time in the G-layers from less than a picosecond to several picoseconds at the carrier densities under consideration above and room temperature. The experimental results of the carrier recombination dynamics in G-layer [45] were interpreted assuming that the interband relaxation is associated with the optical phonon processes rather than the carrier-carrier processes, so that τ Opt < τ Auger (and η is close to unity). The recent calculations [29] (as well as the previous one's [46] ) showed that an increase in κ leads to a virtually linear increase in τ Auger and, hence, in an increase in η. Although, this increase in τ Auger is not too pronounced -the change in κ from 5 to 25 results in a fourfold rise of τ Auger at room temperature [29] . For example, in the case of GP-LDs with SiO 2 and hBN substrates, in which κ ∼ 4 − 5, τ Auger 1 ps, whereas bin the case of the HfO 2 substrate, τ Auger 2 ps. In the GP-FETs, the screening of the carrier interaction by a highly conducting gate can substantially suppress the Auger processes. Indeed, using the data obtained recently [29] , one can find that τ Auger being τ Auger ≃ 1 ps at κ = 5 and the gate layer thickness W g = 10 − 15 nm, becomes τ Auger ≃ 6 ps at W g = 2 nm. One needs to point out that in the case of high-κ substrates, additional recombination channel associated with the substrate polar phonons [47] can promote father increase in η. Setting τ Opt = (1 − 3) ps, we find that the latter values of τ Auger correspond to η = 0.25 − 0.85. Hence, the range of the Auger parameter η variations assumed in the above calculations appear to be reasonable.
The values of the GP-detector responsivity demonstrated in Fig. 3 are of the same order of magnitude or can exceed the room temperature responsivity of the proposed and realized THz photodetectors based on different heterostructures [21, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] , including those based on the P-channel [7, 60, 61] (although in G-based devices at very low temperatures much higher responsivities have been achieved [20] ).
B. Assumptions
The main assumptions of our device model are fairly natural and practical. We disregarded the contribution of the carriers in the P-layer to the net conductivity of the G-P-channel. The pertinent condition can be presented
where b P is the carrier mobility in the Player. Assuming that b P = 330 − 540 cm 2 /s V [60] (see also [2] ) Σ N = 1.2 × 10 13 cm −2 , and µ 0 < 100 meV (i.e., |U g | < 25, see Fig. 2 ),the above inequalities are valid if τ 0 ≫ 0.005 ps. The values of τ 0 assumed in our calculations well satisfy this requirement.
(i) Above we estimated the scattering time τ p and, hence, τ 0 as in [15] : τ
2 /κ l S is the characteristic potential of the scatter, and l S is the screening length. Setting l S = 5 nm or smaller (see also the estimate for l S at µ 0 = 75 meV [13] and below), we find v S ≃ 2 × 10 7 cm/s. At Σ G = 10 12 cm −2
and T 0 = 25 meV, the latter yields τ 0 ≃ 0.12 ps. For the scattering on the acoustic phonons due to the deformation potential interaction with the longitudinal vibrations at T 0 = 25 meV, one obtains v S (ac) ≃ 8 × 10 5 cm/s and τ ac 0 ≃ 3ps. The contribution of the hole-hole scattering in the G-layer to its dc and ac conductivity are small (despite substantially non-parabolic hole spectrum [59] ). The role of the hole-electron scattering is also small due low electron densities, particularly, at high gate voltages.
(ii) The interband absorption of the incident radiation with the photons with the energies Ω ≤ 2π f GP < 2µ 0 in the G-layer disregarded in our model, is practically prohibited due to the Pauli blocking. At small values of µ 0 (i.e., small |U g |), this absorption is weak in comparison with the intraband (Drude) absorption if
At Ω < τ −1 = 2π f GD , inequality (31) implies τ 0 > (π /16T 0 ) ≃ 0.005 ps.
(iii) Considering the features of the DoS (see Fig. 1(e) ), the screening length, l S , of the charges in the GP-channel at low and relatively high voltage swing U g and T = T 0 is given by
respectively Assuming κ = 4 and setting µ 0 < T 0 = 25 meV and µ 0 = 60 meV, from Eq. (32) we obtain l S ≃ 3.4 − 7.5 nm. The products of the characteristic carrier wavenumbers k T = T 0 / v W and k µ0 = µ 0 /4 v W and the pertinent values of l S are k T l S 0.31 and k µ l S 0.43. The latter indicates a rather short range interaction (an effective screening of the charged impurities and the heavy carriers in the P-layer) in the device under consideration at its working conditions.
IX. CONCLUSIONS
We studied the effect of THz photoconductivity of the G-and GP-channels and showed that their conductivity decreases under the THz irradiation (the effect of negative conductivity). It was revealed that this effect in G-channels is determined by the competition of the interband transitions associated with optical phonons and the Auger generation-recombination processes and vanishes when the latter processes prevail. However, the negative conductivity in the GP-channels is weakly sensitive to the relative roles of the latter process. The negative photoconductivity of the ungated and gated GP-channels (GPLDs and GP-FETs) under the THz irradiation, enables using these devices as bolometric THz photodetectors. We evaluated the responsivity, bandwidth, and detectivity characteristics of such THz bolometers and demonstrated that an effective transfer of the carriers from the G-layer into the P-layer, caused by their heating due to the intraband absorption of the THz radiation, leads to the substantial decrease in the G-P-channel conductivity. This effect of the negative THz photoconductivity is associated primarily with the intensification of the light carrier scattering in the G-layer on the heavy carriers in the P-layer. Using the developed device model for the GP-LD and GP-FET bolometers, we demonstrated that these photodetectors can exhibit a fairly high responsivity in a wide range of the THz frequencies at the room temperature. The main requirement to achieve the elevated photodetector performance is having sufficiently high values of the G-layer mobility. The main characteristics of the GP-FET bolometers are effectively controlled by the gate voltage. The GP-LD and GP-FET THz bolometric photodetectors can substantially surpass the THz bolometers with the G-channel and compete and even outperform the existing devices. Further enhancement of the GP-LD and GP-FET THz bolometer can be realized using the GP-GP-...-GP superlattice heterostructures as the channel, integrating the GP-LDs and GP-FETs with THz microcavities or waveguides, and implementing different schemes of the plasmonic enhancement of the THz absorption.
Appendix A. Short-range versus long-range scattering
As seen from Fig. 2 , in the G-channels the quantity Λ G < 0. This implies that the carrier heating in the G-layers by the absorbed radiation leads to a decrease in the conductivity, i.e. to the negative photoconductivity. This phenomenon was observed in the experiments (see, for example, [18, 19, 37, 38] ). As shown above, the G-layer negative photoconductivity at the room temperatures can appear when the short-range scattering dominates and the Auger generation-recombination processes are weaker than those associated with the optical phonons. In the case of the dominant long-range scattering, the G-layer conductivity rises with increasing carrier effective temperature [15] . In the model [18] , the G-layer conductivity was considered assuming that τ p = τ 0 is independent of carrier momentum p. In such a model, One can see that at τ p = const, as in the case τ p ∝ 1/p considered by us, the G-layer conductivity decreases with increasing carrier temperature. However, this effect vanishes (the conductivity becomes insensitive to the carrier temperature variation and, hence, to the irradiation) when the Auger parameter η tends to zero. Thus, even in this case, the carrier temperature dependence of the GP-channel conductivity σ GP , related to σ G according to Eq. (10), corresponds to the negative photoconductivity with the main contribution of the carrier transfer to the P-layer.
On the contrary, if the long-range scattering with τ p ∝ p would dominate, σ G could be a rising function of the carrier temperature leading to the positive G-layer photoconductivity. This can surpass the effect of the Gto-P carrier transitions. Both types of the G-layer photoconductivity (negative and positive) depending on the photon energy and the enviromental gases have been observed, for example, in [38] .
